Electrochemical responses from the reduction of Ru m (edta) coordinated to films of high molecular weight poly (4-vinylpyridine) on pyrolytic graphite electrodes were studied as functions of film thickness, temperature, supporting electrolyte composition, and solvent. Responses at filmed electrodes from metal complexes that do not coordinate to the films were also examined. With films thicker than ca. 1000A, the current responses are limited by the rates of molecular motions within the films. Penetration of counterions, segmental motion of sections of the polymer chains, and juxtapositioning of pairs of attached metal complexes to facilitate intercomplex electron transfer within the film or combinations of the three are suggested as likely current limiting processes.
There has been considerable current interest in the preparation and properties of polymer-coated electrode surfaces (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Examples of polymer coatings that have been described include nonelectroactive polymers (1, 6) , polymers bearing repeating electroactive groups (2, 3, 7, 8, 11) , and electroinactive polymeric coatings that become electroactive when metal complexes are attached to them (4, 5, 7, 9) . Among the questions that await definitive answers for such coatings is how electron transfer is accomplished between the electrode surface and electroactive sites present in the polymeric films. Kaufman and Engler (8) have recently proposed that electrons are conducted through rather thick films of a polymeric pyrazoline by electron transfer between the electroactive groups within the polymer. They proposed that such transfer required that the sites of electroactivity be mobile enough to achieve appropriate juxtapositions of neighboring sites in order for electron transfer to occur. In addition, the polymer film must be porous enough to allow penetration by ions of the supporting electrolyte to maintain electroneutrality within the film.
In the present report we address this and related issues for films of poly(4-vinylpyridine) (PVP) attached to pyrolytic graphite electrodes. The versatility of this polymeric ligand in anchoring transition metal complexes to electrode surfaces ~was described recently (9) and it seemed desirable to obtain more information on the electron transfer properties of these films which have electroactive groups (metal complexes) introduced into them after they have been attached to the graphite surface.
Experimental
Pyrolytic graphite electrodes with the graphitic basal planes exposed to the solutions were prepared and treated as previously described (9) . Glassy carbon electrodes were prepared by cutting disks from ~ Electrochemical Society Active Member. Key words: polymers, modified electrode, surfaces.
cylindrical stock (Tokai Electrode Manufacturing Company, Limited, Tokyo). The disks were sealed to the ends of glass tubing with heat-shrinkable polyolefin tubing (Alfa Wire Company) to produce an electrode area of 0.2 cm. The glassy carbon surface was polished with silicon carbide paper of successively finer grain and finally with 0.3# alumina. The polished surface was washed with excess water and methanol.
Poly(4-vinylpyridine) (Borden Incorporated, Philadelphia, Pennsylvania) was recrystallized twice from methanol-diethyl ether. ~ts average molecular weight was determined viscometrically (13) to be 7.4 X 105. This was the polymer utilized in all experiments except those associated with Fig. 2 . Aquoethylenediaminetetraacetatoruthenium (III) was prepared and purified as previously described (9) . Other chemicals were reagent grade and were used as received. Aqueous solutions were prepared with triply distilled water. The supporting electrolyte for most electrochemical measurements in aqueous media was 0.2M CF3COONa adjusted to the desired pH with CF~COOH. Potentials are quoted with respect to a sodium chloride saturated calomel reference electrode (SSCE).
The electrochemical instrumentation and procedures utilized have been described previously (9) . With electrodes bearing heavy coatings of PVP and RU m (edta) the quantity of electrochemically active attached complex could not be determined reliably by electronic integration of voltammograms. Figure 1 shows an example of a voltammogram for a coated electrode and its area as measured by electronic integration of the current during the potential scan. Note that the slope of the integrated current curve does not drop to background levels even at potentials well negative of the peak potential. Significant contributions to the current integral continue to accumulate at potentials far removed from the peak. For this reason the quantities of reactants attached to polymer layers were evaluated by integration of the current that passed when the electrode potential was stepped and held at a value well beyond the voltammetric peak potential until the rate of charge accumulation decreased to background levels.
To provide electrode surfaces containing known quantities of attached PVP, measured aliquots of a stock solution of the polymer in methanol were carefully transferred to the surface of a horizontally mounted electrode with a microliter syringe. 1-4 microliters of the solution spread uniformly on pyrolytic graphite and well-polished glassy carbon surfaces without overflowing, to produce a visibly uniform film upon evaporation of the solvent. To introduce Ru m (edta) onto the electrode surfaces the resulting polymer-coated electrodes were immersed in a 5 mmole aqueous solution of Ru m (edta) at pH 3.9 for 15 min. After attachment of the complex by coordination to the pendant pyridine ligands in the polymer coating (9), the electrodes were washed repeatedly with water, dried, and stored. This procedure is not well calculated to ensure a uniform distribution of coordinated Ru In (edta) throughout the PVP layer. None of the electrochemical experiments performed with these coatings of PVP-Ru(edta) gave indications of highly anisotropic film compositions but it would not be surprising to find that more of the attached complex resided near the electrolyte/film interface than the electrode/ film interface.
Scanning electron micrographs were obtained with an ETEC Corporation Autoscan U-1 (Hayward, California) instrument. Electrodes were coated by the procedure just described. Cross-sectional views of coatings applied to polished glassy carbon electrodes were obtained by appropriate mounting of the electrode specimens in the microscope. In this way the thickness of the polymeric layers could be estimated.
Results and Discussion
E~ects of molecular weight on the adsorption of PVP on graphite.--To assess the dependence of the molecular weight of the PVP on the extent of its attachment to pyrolytic graphite, a set of PVP samples fractionated by successive crystallization from methanol solutions to which increasing amounts of diethyl ether were added was prepared and the average molecular weight of each fraction was determined viscometrically (13) . Freshly cleaved pyrolytic graphite electrodes were exposed to 0.5% solutions of each fraction in methanol for 15 min followed by washing with methanol (for 15 rain) and exposure of the resulting PVP coated electrodes to a 5 mmole solution of Ru n1 (edta) for 15 min. The amount of Ru In (edta) that coordinated to the PVP coating was then determined electrochemically in 0.2M CF~COONa (pH 2.7) supporting electrolyte by the methods described in the Experimental section. The extent of Ru m (edta) coordination depended on the average molecular weight of the PVP used to coat the electrode as shown in Fig. 2 . The first two points correspond to the use of 4-ethylpyridine and 1,2-bis(4-pyridyl)-ethane to coat the electrode. Neither produced a surface with measurable affinity for Ru m (edta). With polymers of higher average molecular weight the extent of binding of Ru m (edta) is assumed to reflect an increase in the quantity of PVP that is present on the graphite surface. PVP samples with average molecular weights in excess of 2 X 105 are clearly the most potent for preparing electrode coatings that accept the largest quantities of Ru In (edta).
Film morphology.----Scanning electron micrographs of films of PVP on glassy carbon show the polymer to be distributed somewhat unevenly with islands of polymer surrounded by bare or lightly covered areas. The uneveness appears to increase when Ru IzI (edta) is coordinated to the polymer. A cross-sectional view of the layer produced when a methanolic solution containing 6 X 10 -~ moles cm -2 of monomeric pyridine units was allowed to evaporate on a glassy carbon surface is shown in Fig. 3 . The apparent thickness of the layer is (8 __. 2) • 104A which corresponds to an effective density of only ca. 0.08 g/cm-~. Since the density of bulk poly(4-vinylpyridine) is 1.1 this could indicate that the polypyridine layer is quite porous. However, the apparent film thickness observed in the SEM may not be an accurate reflection of that prevailing on the electrodes used in the electrochemical experiments. For example, several of the experiments to be described in what follows indicate clearly that PVP films deposited on graphite under some conditions behave electrochemically as if they presented'a dense, impervious domain to reactants seeking the electrode surface. Thus, exposure of films deposited from methanol to the low pressures within the SEM may cause a large expansion of the film as residual trapped solvent escapes from the film, causing them to appear less dense. For this reason we do not regard the film densities estimated from SEM measurements as representative of electrode surfaces that are never exposed to high vacuum.
Coatings of PVP on glassy carbon that exceed ca. 5 • 10 -s moles cm -2 (expressed as monomeric pyridine units) are clearly visible without magnification. The originally black surface becomes gray and the glassy carbon loses its luster. When Ru m (edta) is coordinated to such heavy PVP coatings, a distinct and persistent golden color develops on the electrode surface when the Ru(III) is reduced to Ru(II). The electrode can be cycled repeatedly between potentials that cause reduction and oxidation of the ruthenium , by exposure to a 5 mmole solution for 15 min, exhibit the symmetrical shapes and linear dependence of peak currents on scan rate expected for reactants that are attached to electrode surfaces (14) . In addition, the area under voltammograms for such coatings shows almost no dependence on scan rate. However, as shown in Fig. 4 , increasing the quantity of PVP applied to the electrode surface causes the shapes and peak currents of the resulting voltammograms to change: at first, increasing the quantity of PVP on the electrode surface causes the peak current to increase b u t still heavier coatings produce diminished peak currents. At the same time the shape of the voltammograms becomes less symmetric and they come to resemble voltammograms for unattached reactants that diffuse to the electrode surface. There is a corresponding change in the scan rate-dependence of the peak currents. With light polymer coatings the peak currents are proportional to the scan rate (Fig. 5) as expected for attached reactants (14) but with sufficiently heavy coatings, the peak currents exhibit the proportionality to the square root of scan rate typical of diffusing reactants (Fig. 5) . The apparent areas under the voltammograms obtained with heavy polymer coatings show a strong inverse dependence on scan rate and the integral of the current that passes in response to a potential step from 0.7 to --0.7V grows rapidly at first and t h e n continues to increase slowly for periods as long as 30 or 40 min. Figure 6 compares the charge consumed one m i nute after a potential step was applied with the charge required to reduce all of the attached complex. With sufficiently heavy coatings of PVP the charge consumed in a fixed time interval is smaller than with lighter coatings even though the actual quantity of Ru m (edta) coordinated to the coating continues to increase as heavier PVP coatings are applied. [This assertion was Straight lines were obtained for chronocoulometric plots of the charge passed in response to the potential step against the square root of time. This behavior suggests diffusive transport as the current-limiting factor. In line with the proposals of Kaufman and Engler (8) , both the motions of the anchored metal complexes to achieve the proper juxtaposition for intercomplex electron transfer as well as diffusive supply of counterions to the sites where the attached complex is to be reduced could be responsible for the observed behavior. Both the attached Ru m (edta) and Ru II (edta) complexes are likely to be anionic at the pH of the supporting electrolyte, 4.2 (17) . Upon reduction, the negative charge on the complex doubles so that a cation must be supplied to each attachment site before the reduction of the attached Ru m (edta) can occur. The current may be limited by the rate at which segments of the polymer chains within the attached layer can move out of the pathway of counterions entering the film (18) . (Note that such motion is required even if the polymer layer contains an abundance of supporting electrolyte because an additional counterion must still be transported from the bulk of the solution to each site where an additional charge is generated.)
Temperature dependence of the electrochemical response.--The diffusion of small molecules (and ions) through polymeric matrices has received considerable study (19) (20) (21) . Apparent diffusion coefficients that have been measured typically exhibit an Arrhenius type of temperature dependence and the corresponding activation process has been identified with segmental motions within the polymer (20) . To evaluate diffusional activation energies for the reduction of the Ru m (edta) complex attached to the polymeric layer the temperature dependence of cyclic voltammetric peak currents and chronocoulometric slopes were measured. Figure 7B shows the cyclic voltammograms for Ru m (edta) coordinated to a PVP layer on the electrode surface at 5 ~ and 45~
The temperature dependence of the peak currents is comparable to that observed with freely diffusing Ru m (edta). However, since significant quantities of the attached complex can remain unreduced under cyclic voltammetric conditions (Fig. 4) , the magnitude of the peak current does not provide a reliable measure of the apparent diffusion coefficient. For this reason we used the slopes of the linear chronocoulometric charge-(time)w2 plots shown in Fig. 7A as measures of the product of the (square root of the) apparent diffusion coefficient and the concentration of the diffusing species. It is not straightforward to obtain numerical values of the apparent diffusion coefficients from the slopes of the plots such as those in Fig. 5C and 7A because the concentration of the "diffusing" species is not known. The-concentration of counterions in the bulk of the solution is not the appropriate concentration to use because we observed no change in the magnitude of voltammetric peak currents when the concentration of the supporting electrolyte was varied between 0.02 and 2.0M at constant pH. Figure 8 shows the Arrhenius plot of the slopes of the chronocoulometric plots in Fig. 6A from which an apparent diffusional activation energy of 4.6 kcal per mole was calculated. This is a somewhat smaller value than those reported for the diffusion of small molecules within solid polymer films (20) but it is similar to values observed for such films in the presence of plasticizing agents that facilitate segmental motions of molecular chains within polymeric matrices (20) . It does not seem unreasonable that acidic, aqueous solutions could serve to "plasticize" the coatings of PVP on graphite surfaces. The activation energy evaluated in Fig. 8 could then be regarded as a measure of the barrier faced by small segments of the PVP chains as they reorient to juxtapose pairs of anchored Ru(edta) complexes and to permit counterions to reach (or depart form) the sites where the electrode reaction causes an increase (or decrease) in ionic charge.
E~ect of solvent on the e~ectrochemical response.--Changes in the solvent employed to conduct electrochemical measurements on Ru III (edta) coordinated to PVP coatings can produce dramatic differences in the responses obtained. Figure 8 shows the responses obtained from the same coating in five different solvents. The Ru III (edta) is rendered virtually electroinactive in acetonitrile and dimethyl sulfoxide. The effect is not the result of removal of the complex from the surface because transfer of electrodes that give very small responses to an aqueous electrolyte immediately restores the electrochemical activity of the attached complex.
In separate experiments with optically transparent graphite electrodes (15) we have found that essentially all of the Ru m (edta) attached to PVP coatings is electroactive in aqueous supporting electrolytes with polymer coatings similar to those employed in Fig. 9 . Thus, these results show that changes in solvent can cause a fully electroactive film to become largely inactive.
Solvents that diminish the electroactivity of complexes attached to polymer coatings produce similar effects on electrode process involving unattached reactants: Fig. 10A Ru zH (edta) is attached to the coating, inhibited responses are observed for both the attached complex and ferrocene in the solution (Fig. 10B) . With heavier coatings of PVP, the responses from both the attached and the dissolved reactant are severely inhibited (Fig.  10C) . That the wave for the dissolved ferrocene can be almost eliminated with sufficiently heavy coatings of PVP indicates that the PVP films produced by exposure to this solvent are relatively free of holes or other defects that would allow the ferrocene to reach the graphite surface. Since the supporting electrolyte would presumably also be unable to penetrate the film, it is not surprising that reactants attached to such films should also exhibit little or no electroactivity. Structures of polymeric films that are compact enough to impede the motion of supporting electrolytes through them might also lack adequate flexibility for the needed positioning of the redox centers to accomplish electron transfer through the film.
The swelling of polymeric matrices bearing ionic groups, e.g., ion exchange resins, by exposure to aqueous media (22) provides a familiar example of the ability of solvents to influence the density and texture of polymeric materials (20) . It seems likely that the differences among the voltammograms in Fig. 9 can be attributed in large measure to variations in the swelling tendencies among the solvents tested:
EfJects o~ changes in supporting electrolyte.--Change in the nature of the aqueous supporting electrolytes in which the electrochemistry of attached Ru m (edta) is observed produce quantitative differences in the responses obtained rather than the qualitative differences arising from changes in the solvent. compares cyclic voltammograms recorded in four different supporting electrolytes with identically prepared electrode surfaces. The peak current in the electrolyte at pH 1.6 (curve B) is about twice as large as those in the other electrolytes indicating that charge transfer through the film is facilitated by protonation of the pyridine groups. Protonated PVP chains no doubt tend to stretch apart to minimize coulombic repulsions (23) and this would lead to a film through which ions could move more readily. As a result, segmental motions within the polymer layer may also be facilitated because the penetration of macromolecular solids by low molecular weight species is known to produce such effects (24) .
Curves A and C in Fig. 11 have rather similar shapes indicating that changing the anion of the supporting electrolyte from trifluoroacetate to bromide produces only small effects. The change of supporting electrolyte cation from sodium to tetramethylammonium (curves C and D) yields a more symmetrical voltammogram. This might be the result of tess hydration of the latter cation with a corresponding decrease in the extent of segmental motion within the polymer required for its penetration.
The suggestion that the current enhancement in curve B of Fig. 11 results from an "opening up" of the polymeric structure because of repulsive interactions among protonated sites along the polymer chains receives added support from the voltammograms in Fig. 12 . Curve A in Fig. 12 is a cyclic voltammogram for Fe In (edta) at an uncoated electrode. Curve B results when the electrode is coated with PVP and used in the solution of Fem (edta) at a pH where the PVP is not significantly protonated (25) . The polymer layer apparently cannot be penetrated by the FeuI (edta) complex. However, when the pH is lowered to a value where the PVP layer is protonated, the electroreduction of Fe III (edta) is immediately restored (curve C). When Ru(NH3)63+ is substituted for the anionic Fe m (edta) complex and the experiments repeated, curves D, E, and F in Fig. 12 are obtained. Protonation of the PVP film restores only partially the electrochemical response from the reduction of Ru (NH3) 63 + (curve F). Protonation of the polymer produces a more porous film but it is also highly positively charged so that the tri-positive reactant evidently can traverse it only with difficulty. This would account for the drawn-out shape of voltammogram F compared with that for the anionic Fem (edta) complex in voltammogram C.
An additional factor that could influence the ionic conductivity of PVP layers is the increase in the quantity of counterions within the polymeric matrix that must accompany the introduction of charged sites. Thus, the quantity of anions that are electrostatically held within a protonated PVP layer will be relatively insensitive to the ionic strength of the supporting electrolyte but highly sensitive to its pH. The magnitudes of voltammetric peak currents and chronocoulometric slopes for anchored reactants exhibit similar sensitivities which might be an indication that the counterionic content of the polymer coatings controls the magnitude of the currents that can traverse them.
One is left with two possible rationalizations for the increased currents that result when charged sites are introduced into PVP films: increased permeability arising from stretching of the polymer chains by repulsive electrostatic interactions among sites and/or increased conductivity within the polymeric matrix resulting from a higher salt content. The data presently available do not allow a clear choice to be made between these two rationalizations or rule out the possibility that both mechanisms are operative.
If protonation of PVP films produces a more open texture the introduction of other charged ions into the polymer might be expected to produce similar effects. Figure 13 (17)] is coordinated to the polymer (curve C). In this case the density of bound (anionic) charge is not as high as that resulting from protonation of the polymer at low pH but the restored response is almost as great as that obtained at the uncoated electrode. The coated electrode can also be unblocked by protonation, as in Fig. 12 .
The response observed for the Fe (CN) 88-/4-couple in curve C of Fig. 13 can be understood simply in terms of an increase in the porosity of the film which allows the reactant to pass into the film much more readily than was true under the conditions of curve B. However, a second possible origin of the increased film conductance in this case (as contrasted with curves C and F in Fig. 12 ) is the transmission of electrons through the film via the attached Ru m (edta) centers. That is, electron transfer from the graphite to the Fe(CN)88-/4-couple may be mediated by electron transfer among the anchored redox centers in the film. Distinguishing between these two mechanisms of charge transfer may be possible by suitable manipulation of mass transfer and charge transfer rates and we have such experiments underway. However, it may be worth emphasizing two points in conclusion. (i) The presence of electroactive redox centers within polymer films is no assurance that the films will support charge transfer either to the attached redox centers or to reactants dissolved in solution: PVP coatings containing large quantities of coordinated Ru m (edta) nevertheless behave as insulating layers in certain nonaqueous solvents (Fig. 10). (ii) Charge transfer between dissolved reactants and electrode surfaces covered with thick (1-10 #m) PVP films can occur rapidly even when the films do not have redox centers attached to them: protonation converts an insulating PVP film to one that does not impede the reduction of dissolved reactants (Fig. 12) .
